Excitation Dynamics in Phycoerythrin 545: Modeling of Steady-State Spectra and Transient Absorption with Modified Redfield Theory  by Novoderezhkin, Vladimir I. et al.
344 Biophysical Journal Volume 99 July 2010 344–352Excitation Dynamics in Phycoerythrin 545: Modeling of Steady-State
Spectra and Transient Absorption with Modiﬁed Redﬁeld TheoryVladimir I. Novoderezhkin,†* Alexander B. Doust,‡§ Carles Curutchet,§ Gregory D. Scholes,§
and Rienk van Grondelle‡
†A. N. Belozersky Institute of Physico-Chemical Biology, Moscow State University, Moscow, Russia; ‡Department of Biophysics, Faculty of
Sciences, Vrije Universiteit Amsterdam, Amsterdam, The Netherlands; and §Department of Chemistry, Institute for Optical Sciences and Centre
for Quantum Information and Quantum Control, University of Toronto, Toronto, Ontario, CanadaABSTRACT We model the spectra and excitation dynamics in the phycobiliprotein antenna complex PE545 isolated from the
unicellular photosynthetic cryptophyte algae Rhodomonas CS24. The excitonic couplings between the eight bilins are calculated
using the CIS/6-31G method. The site energies are extracted from a simultaneous ﬁt of the absorption, circular dichroism,
ﬂuorescence, and excitation anisotropy spectra together with the transient absorption kinetics using the modiﬁed Redﬁeld
approach. Quantitative ﬁt of the data enables us to assign the eight exciton components of the spectra and build up the energy
transfer picture including pathways and timescales of energy relaxation, thus allowing a visualization of excitation dynamics
within the complex.INTRODUCTIONOptimized excitonic interactions leading to efficient light
absorption and energy transfer is particularly salient in those
photosynthetic organisms that depend upon such physical
interactions for survival. Marine photosynthesis relies
heavily on efficient light harvesting throughout the visible
part of the spectrum, to utilize most of the available spectral
windows at various water depths where chlorophyll (Chl)
absorption is minimal (450–640-nm region). In cryptophyte
photosynthesis, however, the primary light harvesting for
photon capture across this window is ensured by phycobili-
proteins. These antennae can absorb a wide range of wave-
lengths but are typically optimized for the blue and green
spectral regions. Recent studies have revealed the critical
role of phycobiliproteins in the absorption of green light in
the unicellular photosynthetic cryptophyte algae Rhodomo-
nas CS24 and Chroomonas CCMP270 (1). Respectively,
these algae contain, in addition to Chl a, Chl c2, and carot-
enoids, a water-soluble, accessory-antenna-pigment bilipro-
tein complex—Phycoerythrin 545 (PE545) and Phycocyanin
645 (PC645).
In this report, we focus on structure-function relationships
in the phycobiliprotein antenna complex PE545 isolated
from the unicellular photosynthetic cryptophyte algae
Rhodomonas CS24, the crystal structure of which has been
determined at 1.63 A˚ (2) and later at 0.97 A˚ resolution (3).
PE545 consists of four polypeptide chains: a1, and a2 plus
two b-subunits, arranged in a complex known by convention
as a dimer of abmonomers. This complex is unusual in that it
contains a deep, water-filled slot between the monomers.
Eachb-subunit is covalently linked to three phycoerythrobilin
(PEB) chromophores, labeled PEB82C, PEB158C, PEB50/61CSubmitted December 22, 2009, and accepted for publication April 13, 2010.
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0006-3495/10/07/0344/9 $2.00(for subunit C) and PEB82D, PEB158D, PEB50/61D (for subunit
D), where the numbers indicate the cysteine residues to which
the chromophores are linked. The PEB50/61 chromophores are
linked to two cysteine residues, via their A and D pyrroles.
Eacha-subunit contains a covalently linked 15,16-dihydrobi-
liverdin (DBV) chromophore, DBVA and DBVB, respec-
tively, which are spectrally red-shifted compared to the
PEBs due to extended conjugation.
By following earlier spectroscopic studies of PE545 (4–6),
a new series of steady-state and time-resolved experiments
have been performed after the discovery of the structure
(3,7). These experiments combine the absorption (OD),
circular dichroism (CD), fluorescence (FL), and excitation
anisotropy (EA) spectroscopies and ultrafast nonlinear tech-
niques, i.e., transient grating (TG) and transient absorption
(TA). Interpretation of the data was based on quantum chem-
ical calculations that allowed an estimation of phycobilin
excited states and electronic coupling between them using
transition density cubes (1,3). A kinetic scheme of energy
transfer has been proposed based on Fo¨rster theory (3) and
generalized Fo¨rster theory (1). So far, to our knowledge,
there was no consistent model found capable to explain,
quantitatively, the observed spectral shapes together with
the dynamics of the nonlinear responses. In light of recent
work suggesting a role played by quantum-coherence in
energy transfer within PE545 (8), it was important to eluci-
date a model Hamiltonian that could model, accurately, the
spectroscopy of PE545, and thereby enable energy transfer
to be examined more closely.
In this article, we bring the PE545 modeling to a quantita-
tive level by using the modified Redfield approach. We
propose the exciton model based on a quantitative simulta-
neous fit of seven steady-state spectra (77 K OD, FL, EA
and 300 K OD, CD, FL, EA) and 77 K TA responses of
the PE545 complex. We assign the eight exciton componentdoi: 10.1016/j.bpj.2010.04.039
Excitation Dynamics in Phycoerythrin 545 345of the spectra and determine the timescales of energy trans-
fers among them. This gives insight into the pathways of
ultrafast energy relaxation occurring after photoexcitation
of PE545, thus allowing a visualization of excitation
dynamics within the complex.MODEL
The structure of the PE545 complex, from the high-resolu-
tion structural model reported in Doust et al. (3), is shown
in Fig. 1. A notable feature of the structure is the large
average center-to-center spacing between the bilin chromo-
phores relative to the structure of other light-harvesting
proteins. Transition dipole moments of each bilin and elec-
tronic couplings between the bilins were calculated using
the CIS/6-31G method (1,9,10). Calculations were carried
out using Gaussian03 (11), as previously described in
Scholes et al. (9) and Curutchet et al. (10). The results, re-
ported previously (9), include an account of the screening
of the Coulombic couplings by the polarizable surroundings
using the polarizable continuum model (PCM) as described
by Iozzi et al. (12). We assumed an optical dielectric constant
of 3op ¼ 2 (according to estimation of Jordanides et al. (13)
and Renger et al. (14)), and a relative static dielectric
constant of 3st ¼ 15. The latter is not known exactly, but
its value has little effect on electronic couplings. The static
dielectric constant is only important for the site energies
(10); however, in this work we do not calculate the site ener-
gies, but instead estimate them by simulation of measured
spectra. Because the transition dipole strength of the
different pigments in the complex cannot be measured sepa-
rately, no scaling of the couplings to correct for the expected
overestimation of transition dipoles by the CIS method was
attempted. However, the average magnitude of the transition
dipole (12.51 D) obtained is only ~10% overestimated withrespect to the experimental value (11.25 D) reported in Doust
et al. (1), thus indicating that no major corrections to the
couplings are expected to occur. The results are listed in
Tables 1 and 2.
As shown in Fig. 1, the eight pigments of the complex
are arranged in two parallel layers. In the first layer (top
in Fig. 1), there is strong coupling (92 cm1) between
PEB50/61C and PEB50/61D. In the bottom layer, there are
two pairs with moderate coupling, i.e., DBVB-PEB82C and
DBVA-PEB82D (45 and 46 cm
1). These two pairs are well
separated and almost uncoupled, but they have sizable
coupling (33–40 cm1) with the nearest pigments from the
top layer, in particular with the PEB50/61C-PEB50/61D dimer
(see Table 2). As a result, it is impossible to find any pigment
(or group of pigments) with weak (<30 cm1) coupling to
the remaining molecules of the complex. This means that
there are no channels for the Fo¨rster-type transfer, so that
the complex should be considered as a single strongly
coupled cluster with the energy transfer rates calculated in
the delocalized basis. To this end, we use the modified
Redfield approach (15). Note that, in the presence of weakly
coupled clusters within antenna, one should use a combined
Fo¨rster-Redfield approach (more correct than the pure
Redfield theory, which can give strongly overestimated rates
for intercluster transfers due to neglect of dynamic localiza-
tion effects). Relations among the Fo¨rster, Fo¨rster-Redfield,
and Redfield theories are discussed elsewhere (16–19).
The linear and nonlinear spectral responses are calculated
using the modified Redfield approach as described in the
Supporting Material. The transition frequencies (ukg and
uqk) and wavefunction amplitudes (cn
k and cnm
q) needed to
calculate linear and nonlinear spectral responses (Eq. S1,
Eq. S8, Eq. S9, Eq. S10, Eq. S11, Eq. S12, and Eq. S13 in
the Supporting Material) are obtained by diagonalization of
one-exciton and two-exciton Hamiltonians. The excitonFIGURE 1 Structure of the PE545 complex, top
view (top) and side view (bottom).
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TABLE 1 Transition dipole moment d (Debye), its components dx, dy, dz (arbitrary units), and center coordinates Rx, Ry, Rz (A˚) for
each of the eight pigments of PE545
No. Pigment dx dy dz d, Debye Rx Ry Rz
1 PEB50/61C 0.088 2.605 4.019 12.17 8.038 25.032 37.431
2 DBVA 4.506 2.670 0.200 13.32 5.368 24.566 5.915
3 DBVB 5.102 0.280 1.574 13.59 8.024 44.047 42.084
4 PEB82C 2.898 1.310 3.721 12.44 10.976 47.584 29.106
5 PEB158C 0.448 0.873 4.691 12.18 17.923 10.988 18.324
6 PEB50/61D 0.126 2.422 3.992 11.87 3.471 17.026 27.542
7 PEB82D 3.900 2.600 1.258 12.33 16.170 30.834 12.607
8 PEB158D 1.383 4.355 1.445 12.18 11.503 24.266 50.469
The data result from an ab initio calculation using the PCM-CIS/6-31G method with a relative static dielectric constant 3st ¼ 15 and optical dielectric constant
of 3op ¼ 2.
346 Novoderezhkin et al.Hamiltonians are determined by pigment-pigment couplings
(Table 2) and any set of the site energies. The static disorder
is modeled by uncorrelated shifts of the site energies
randomly taken from a Gaussian distribution with a width
(full width at half-maximum) of s¼ 400 cm1. This disorder
in the chromophore transition energies is caused by slow
fluctuations of the protein conformation that directly affects
the bilin conformation and its interaction with the immediate
protein environment. The unperturbed (unshifted) site
energies are free parameters of our model that should be
determined from the fit of the spectra using an evolu-
tionary-based search.RESULTS
Simultaneous ﬁt of spectra and kinetics
Simultaneous fit of the steady-state spectra (OD, CD, FL,
and EA) at 77 K and 300 K is shown in Fig. 2. A similar
quality of the fit can be obtained for several sets of the site
energies. Fitting of the TA kinetics rules out most of them
(giving poor TA shapes or wrong timescales of the TA
evolution), leading us to one model with the best fit of the
steady-state spectra (as shown in Fig. 2) and TA spectra
(Fig. 3). The site energies E for this model (denoted below
as the ‘‘working model’’) are listed in Table S2 in the Sup-
porting Material. Exciton structure and energy transfer
scheme for this configuration will be discussed in the
following sections.TABLE 2 Couplings between pigments (cm1) calculated using the
Pigment PEB50/61C DBVA DBVB PEB
PEB50/61C — 1 (3) 37 (42) 37 (
DBVA 1 (3) — 4 (7) 11 (
DBVB 37 (42) 4 (7) — 45 (
PEB82C 37 (33) 11 (17) 45 (69) —
PEB158C 23 (29) 33 (20) 3 (4) 7 (
PEB50/61D 92 (71) 39 (44) 2 (4) 17 (
PEB82D 16 (15) 46 (69) 11 (17) 3 (
PEB158D 12 (10) 3 (3) 34 (18) 6 (
Values predicted by the ideal dipole approximation assuming an effective screenin
The biggest couplings are indicated in bold. The factor s ¼ 93op/(23opþ1)2 ¼ 0.7
term (1/3op) and Onsager local field factors 33op/(23opþ1) for each chromophore
Biophysical Journal 99(2) 344–352It is also useful to compare the working model with other
configurations with alternative sets of the site energies. Note
that, due to the twofold symmetry of the complex, a permuta-
tion of the PEB0C and PEB0D energies (together with permu-
tation of the DBVA and DBVB energies) will have almost no
effect on the spectra (although some small difference is still
expected due to a little asymmetry revealed by Tables 1
and 2). To exclude analysis of such symmetric configura-
tions, we restrict ourselves to the models with specific asym-
metry, for example by fixing the asymmetry of the PEB50/61
dimer. Thus, we consider the models where the PEB50/61D is
always higher in energy than PEB50/61C (bearing in mind that
symmetric configurations where PEB50/61C is higher are
spectroscopically identical). The site energies for alternative
models are listed in Table S2.Exciton structure of the complex
The origins of the eight exciton states of the complex are
revealed by the bar plot in Fig. 2, displaying a disorder-
averaged participation of the pigments in the exciton states.
A character of the participation (i.e., coherent superposition
versus noncoherent mixing due to inhomogeneity) can be
explored by the density matrices r in the site representation
calculated for each exciton state as shown in Fig. 4. Diagonal
elements rnn correspond to the site populations, whereas
off-diagonal elements rnm reflect the intersite coherences
(between nth and mth site) in each exciton state. Note thatPCM-CIS/6-31G method with 3st ¼ 15 and 3op ¼ 2.0
82C PEB158C PEB50/61D PEB82D PEB158D
33) 23 (29) 92 (71) 16 (15) 12 (10)
17) 33 (20) 39 (44) 46 (69) 3(3)
69) 3 (4) 2 (4) 11 (17) 34 (18)
7 (7) 17 (17) 3 (4) 6 (7)
7) — 18 (16) 7 (8) 6 (6)
17) 18 (16) — 40 (35) 26 (32)
4) 7 (8) 40 (35) — 7 (7)
7) 6 (6) 26 (32) 7 (7) —
g and local field factor s¼ 0.72 are indicated in parentheses for comparison.
2 scaling point dipole couplings is obtained by assuming a Fo¨rster screening
(20).
FIGURE 2 Simultaneous fit of steady-state spectra of PE545, including 77 K OD, FL, EA, and 300 K OD, FL, CD, EA. The spectra are normalized to unity
(except EA). (Red points) Experimental data (3); (blue lines) calculated spectra. (Thin lines) Contributions from individual exciton components. Site energies
correspond to the model E in Table S2 in the Supporting Material. (Inset) Squared wavefunction amplitudes (cn
k)2 (giving participation of the nth pigment in the
kth exciton state) are shown for the exciton levels from k ¼ 1 to k ¼ 8 (shown by the same colors as in the calculated spectra). Distribution of the amplitudes is
averaged over disorder.
Excitation Dynamics in Phycoerythrin 545 347the diagonal distributions rnn for each exciton state are
exactly the same as those shown in Fig. 2.
The three lowest states k¼ 1–3 responsible for the 567-nm
spectral subband are determined by contributions from
DBVA, DBVB, and PEB82C. Note the sizable coherence
between DBVB, and PEB82C (off-diagonal elements r34 on
the k ¼ 1–3 panels), which appears due to the relatively
strong coupling (45 cm1) and small energy difference
(Table S2) between these pigments. Coherence between
them and DBVA is negligible. This means that, depending
on the realization of the disorder, an excitation within the
567-nm band is localized either at DBVA or at the DBVB-
PEB82C dimer. Note that DBVA has, on average, a bigger
participation in the lowest exciton state (although DBVB
has a lower site energy but its reorganization shift is not as
large due to coupling to PEB82C).
We have found that DBVA and DBVB should be always
on the red-edge to fit the spectra and kinetics, which isconsistent with the extra conjugation length in these bilins,
but to have enough dipole strength within the 560–575 nm
region some other pigment should be also shifted to this
region. Possible candidates (giving correct CD shape and
right transfer rates) are PEB82C and PEB82D. These two
possibilities are not identical, because we consider a specific
asymmetry of the C- and D-subunits. In our working model,
the PEB82C is red-shifted. An alternative model with the
red-shifted PEB82D (model E47 in Table S2) also gives a
satisfactory fit (see Discussion and Conclusions below).
The higher 545-nm subband (levels from k¼ 4 to k¼ 8) is
determined by one of the PEB82 pigments (PEB82D in the
working model), two PEB158 and two PEB50/61 pigments.
The states k ¼ 4 and 8 correspond to the exciton levels
of the PEB50/61C-PEB50/61D heterodimer. Coherence between
the two PEB50/61 sites is relatively small due to the big
energy gap between them. The k ¼ 5 state is mostly deter-
mined by PEB158C with a small contribution of PEB50/61C.Biophysical Journal 99(2) 344–352
FIGURE 3 Fitting of the 77 K TA spectra upon 505-nm excitation at pump-probe delays of 0.22, 0.42, 0.56, 1.01, 2.12, and 5.22 ps. (Points) Experimental
data (3); (solid lines) calculated spectra. Parameters are the same as in Fig. 2.
348 Novoderezhkin et al.A moderate coupling between these sites (23 cm1) still
produces sizable coherence due to the small energy gap
between them. The levels k ¼ 6 and 7 are determined by
PEB82D and PEB158D with some coherence between them
because they are also close in energy. Note, however, that
due to weak coupling between these sites (7 cm1) this coher-
ence most probably will be destroyed by a dynamic localiza-
tion (a feature that is not included in the modified Redfield
approach).
In our model, the excitonic effects produce some redistri-
bution of the dipole strength over the levels but without
any significant superradiance. The differences betweenFIGURE 4 The density matrix rnm of the pure exciton states, i.e., k ¼ 1, 2,
Biophysical Journal 99(2) 344–352unperturbed site energies (further increased by the
disorder-induced shifts) are much larger than the interpig-
ment couplings, thus producing more or less localized states.
Although in some rare realizations the exciton states can be
delocalized over two or even three molecules, on average the
delocalization size is no more than 1.2–1.3.Excited-state population dynamics
Dynamics of the one-exciton populations is determined by
the doorway amplitudes Dkk(t) given by Eq. S13. Switching
to the site representation we obtain the time-dependent.8. Absolute values of rnm ¼ cnkcmk averaged over disorder are shown.
Excitation Dynamics in Phycoerythrin 545 349population of the nth site as rnn(t) given by Eq. S15. Short-
wavelength excitation (505 nm in the TA experiment) popu-
lates many exciton states through their vibrational wings.
Predominantly excited are higher states of the 545-nm sub-
band (k ¼ 4–8) determined by PEB82D, two PEB158, and
two PEB50/61. The highest level determined by PEB50/61D
exhibits fast (180 fs) decay, due to relaxation within the
PEB50/61 dimer in combination with transfer to other sites.
Transfer to DBVA, DBVB, and PEB82C corresponding to
energy flow from the 545-nm to 567-nm subband occurs
within 2–4 ps. This is followed by slow redistribution within
the 567-nm subband within 50 ps and even longer times. The
amplitude of these slow components is dependent on the
model (see following sections and examples in the Support-
ing Material).
The dynamics of the site populations can be viewed in
relation to the location of the sites within the complex
(Fig. 5). In such representation it is convenient to use special
initial conditions fixing the excitation at any part of the
complex to visualize the following redistribution of popula-
tions. This way one can see, simultaneously, the pathways
(in real space) and timescales of energy transfers. For
example, even upon blue-shifted excitation (i.e., 505 nm)
we still excite many exciton states, so that many energy
transfer pathways will become hidden. To get more selective
excitation (and more directed energy transfer scenario), we
suppose that initially only the higher exciton state (localized
at PEB50/61D) is excited.
The following history is shown in Fig. 5. The excitation is
quickly redistributed within the PEB50/61 dimer in the center
of the complex (the fast relaxation is seen already at 100-fs
delay). Subsequently, the excitation more slowly migrates
to the other layer (shown by red color). At 0.7 ps, populationof this layer (DBV and PEB82 bilins) slightly exceeds popu-
lation of the initially excited layer (the PEB50/61 and PEB158
bilins). After 5 ps, excitation is localized at DBVA, DBVB,
and PEB82C. In the top view, this looks like motion from
the central dimer to the peripheral sites. Keeping in mind
that this picture is averaged over disorder (meaning over
many complexes), in a single complex the excitation will
be localized at DBVA or at the DBVB-PEB82C pair.Relaxation rates
In the exciton representation, the relaxation rates are strongly
dependent on the realization of the disorder. By arranging the
exciton states in increasing order of their energies, we can
find different sites participating in the same state (with the
same number) depending on relative values of the perturbed
site energies. This implies that, when analyzing the relaxa-
tion between any pair of exciton levels, one should always
check which pigments participate in these states. We did
such an analysis for a number of realizations and have found
some typical situations briefly described below.
In most realizations, the fastest relaxation is from the
highest level of the PEB50/61 dimer, corresponding to the
200–350 fs PEB50/61D / PEB50/61C transfer (the total
PEB50/61D lifetime is ~180 fs due to transfers to other sites).
This fast intradimer relaxation is followed by slower transfer
from PEB50/61C to DBVB and PEB82C with a time constant
of 500–900 fs. However, in some realizations, due to
disorder-induced shifts of the site energies, there may be
resonance between some other pair of pigments that also
produces fast (or even faster) channels. For instance, in
~10% of the realizations, a resonance between PEB50/61C
and DBVB or PEB82C produces the transfers with theFIGURE 5 Evolution of the site populations
related to their location in real space (with aver-
aging over disorder). The four frames show popula-
tions at 0, 0.1, 0.7, and 5 ps delay. Time-dependent
area of the circle is proportional to the population of
the corresponding site. Initial conditions corre-
spond to selective excitation of the high k ¼ 8 state
(mostly determined by PEB50/61D) whereas other
(i.e., lower) exciton states are supposed to be non-
populated (although in reality they would be effec-
tively excited through their vibrational wings). (Red
circles) Populations of the peripheral pigments (in
bottom view, they appear bigger); (blue circles)
other layer containing the initially excited PEB50/61
dimer.
Biophysical Journal 99(2) 344–352
350 Novoderezhkin et al.160–200-fs time constant instead of 500–900 fs for the out-
of-resonance case.
Equilibration within the 567-nm subband can be faster in
~20% of the realizations, when DBVB and PEB82C become
strongly mixed. Then the relaxation between the correspond-
ing levels can be as fast as 60 fs.
Fast relaxation can be present also within the upper
545-nm subband. Thus, in ~10% of the realizations there is
mixing of PEB50/61C and PEB158C. In these realizations their
transition energies (perturbed by the disorder) become close
enough to produce a coherent superposition of these sites.
This gives rise to fast (sub-100 fs) relaxation between the
corresponding levels. In some rare (~5% of total) realizations
there is a resonant mixing of the PEB50/61D and PEB82D sites
producing sub-100-fs relaxation between the two higher
levels.
The time constants of energy transfer from the nth site to
the n0th one (for the working and alternative models) are
shown in Table S3 and Table S4. The fastest channels (faster
than 1.5 ps) for our working model are shown in Fig. 6,
where they are related to the position of the pigments in a
real space.Exploring models with alternative sets of the site
energies
Now we switch to analysis of alternative exciton models
(i.e., models with alternative sets of the site energies). First,
we explore configurations with different site energies of the
PEB50/61 dimer. In the working model the difference of the
PEB50/61C and PEB50/61D energies is quite big, producing
the two levels corresponding to the redmost (k ¼ 8) and
bluemost (k ¼ 4) states of the 545-nm subband. Fixing the
PEB50/61D position in the blue side, we can further increase
an intradimer asymmetry by moving PEB50/61C to the red
into the 567-nm band. After adjustment of the remainingBiophysical Journal 99(2) 344–352site energies, we can find several models with a reasonable
fit of OD, CD, and FL. However, in this case, the EA curves
lie very much below the measured ones, giving no more than
0.15–0.2 in the red wing (instead of observed values of
0.37–0.39). Moreover, the interband 545/567 nm transfer
becomes 4–5 times faster than measured, due to quick
relaxation within the PEB50/61 heterodimer.
Thus, we conclude that both PEB50/61C and PEB50/61D sites
should belong to the 545-nm pool. Variation of the site ener-
gies within this spectral region has led us to the models with
smaller intradimer asymmetry (compared to a working model
with very strong asymmetry). The energy gap between the
PEB50/61 sites can be reduced by shifting the PEB50/61D to
the red, i.e., closer to PEB50/61C. To compensate for this
red shift of PEB50/61D, some other pigment must be shifted
to the blue. This can be PEB158D, PEB82D, or PEB158C,
giving the models E68, E67, and E65, respectively (Table
S2). These models yield reasonable linear spectra, but too
slow relaxation from the 530-nm region due to the red shift
of the upper exciton level of the PEB50/61 dimer (in the
working model the 530-nm subband was quickly depopu-
lated due to fast relaxation of this level). An example of the
TA fit with the E68 model is shown in Fig. S1.
Alternatively we can produce a configuration with smaller
splitting by shifting the PEB50/61C to the blue closer to
PEB50/61D. After compensating for this shift by a red shift
of PEB82D, we obtain model E17. For this model, the
steady-state spectra look good (data not shown), but now
the fast intradimer transfer occurs on the blue side with
very fast depopulation of the 530-nm band and quick
formation of the 540-nm bleaching during the pump pulse.
This bleaching must be at 547 nm, but after blue shift of
PEB50/61C it moves to 540 nm (see Fig. S2).
We conclude that, to reproduce the initial bleach and
ensuing dynamics in the 530–550-nm region, we need to
keep the higher level of PEB50/61 heterodimer stronglyFIGURE 6 Time constants of energy transfer in the site
representation (with averaging over disorder). Transfer
pathways with the time constant <1.5 ps are shown.
Excitation Dynamics in Phycoerythrin 545 351shifted to the blue. Accordingly, the lowest level must be
strongly red-shifted, but still higher in energy than the
pigments of the 567-nm pool, otherwise the 545/567 nm
transfer becomes too fast.
In work to be published elsewhere (C. Curutchet,
J. Kongsted, A. Mun˜oz-Losa, G. D. Scholes, and B. Men-
nucci, unpublished), we have run molecular dynamics
(MD) simulations of the PE545 protein in water. At each
time step we calculated the site transition energy for each
chromophore using a combined quantum mechanics and
molecular mechanics method that includes, self-consistently,
the interaction between the chromophore and solvent
(protein-plus-water) polarization (21). We similarly calcu-
lated the screened electronic couplings between the chromo-
phores. A result relevant to our work is that the transition
energies of PEB50/61C and PEB50/61D are found to be
different on average, as predicted by the spectroscopic
fitting. Their transitions energies, moreover, were found to
change ordering on a timescale of ~100 ps, showing how
the apparent symmetry of the protein is broken in a concerted
fashion. The protein structural changes are strongly coupled
to the conformations of both PEB50/61C and PEB50/61D owing
to their double covalent attachment to the protein. This is
shown in Fig. 7. Two snapshots from an MD trajectory are
shown superimposed. They correspond to an example of
the PEB50/61D chromophore transition being higher in energy
than that for PEB50/61C by 100 meV (orange) and an
example where that ordering is reversed (light gray). Note
how the torsional disorder of both chromophores changes
when the energy ordering is flipped. A more detailed report
that includes technical details will be forthcoming.FIGURE 7 Superimposed representation of the PEB50/61 dimer as ob-
tained in two snapshots from a molecular dynamics simulation of the
PE545 complex. The structures illustrate a situation where the PEB50/61D
chromophore transition is predicted to be higher in energy than that for
PEB50/61C by 100 meV (orange), and an example where that ordering is
reversed (light gray) due to a change in the torsional disorder of the chromo-
phores.By fixing the site energies of the 567-nm pool pigments
and the heterodimer PEB50/61, we can further try 1),
inversion of the energies of the pseudo-symmetric pairs
PEB158C-PEB158D or PEB82C-PEB82D; and 2), a different
order of energies for the three lowest pigments (DBVA,
DBVB, and PEB82C). With our approach, we have found
two alternative models capable of giving a satisfactory fit
of the data (i.e., models E47 and E42 discussed in the
Supporting Material).DISCUSSION AND CONCLUSIONS
A quantitative simultaneous fit of the spectra and TA kinetics
allows us to build up the exciton model and energy transfer
scheme for the PE545 complex. A systematic study of
possible alterations of this model (and analysis of many other
configurations appearing in the evolutionary-based search)
revealed that a different order of energy within the three
redmost pigments (model E42) is possible. Furthermore,
permutation of the site energies of PEB82C and PEB82D is
not inconsistent with the experimental data (model E47).
Although the working model (model E) gives the best fit,
the quality of the E42 and E47 models is sufficiently good
not to reject them. Additional experiments and calculations
would be required to finally fix one of these models. To
make the analysis more critical to the parameter choice,
one can use a simultaneous fit of several nonlinear responses
reflecting different aspects of the dynamics (isotropic and
polarized TA, pump-probe and photon echo, etc.), as was
demonstrated in our previous studies (22).
All three models give a final localization of the excitation
on the peripheral DBVA, DBVB, PEB82C, or PEB82D sites
with different (depending on model) contribution of
these pigments to the lowest state. Note that models E and
E42 differ significantly only in the final phase of slow
(5–>50 ps) redistribution between the red pigments. In
model E47 the transfers during the 0–5 ps phase are slower,
and the final distribution (after a long 50-ps equilibration
between DBVB and PEB82D) is more nonuniform than in
model E. Thus, model E provides more effective light
harvesting. Bearing in mind that model E also gives better
fit of the data, we consider it as the working model.
An earlier model based on quantum chemical and exciton
calculations (1) suggested a big exciton splitting (~600 cm1)
between the pair of PEB50/61C and PEB50/61D pigments. The
545-nm band was supposed to consist of two exciton levels
of the PEB50/61 dimer. The red 567-nm band is determined
by two DBVs, and four states determined by PEB82 and
PEB158 pigments were positioned between them. Our model
coincides with the main features of this model. The difference
is that one of the PEB82 pigments must be on the red together
with DBVs.
We confirm a big splitting between exciton levels of the
PEB50/61 dimer, but in our model this splitting is determined
mostly by the difference in site energies, which significantlyBiophysical Journal 99(2) 344–352
352 Novoderezhkin et al.exceeds the pure exciton splitting. Note that, in this respect,
we use intradimer coupling of 92 cm1 (Table 2) instead of
300 cm1 in earlier calculations (1). By comparing new and
old sets of couplings, we found that old (bigger) couplings
predict too-fast TA kinetics. In particular, conversion from
545 nm to 567 nm would occur on the subpicosecond time-
scale instead of the measured 2–3-ps kinetics. The main
reason why the new set of couplings is smaller in magnitude
is the inclusion of screening effects induced by the environ-
ment; these had been neglected in the previous calculations.
It can be concluded that the proposed model of the PE545
complex gives a consistent and quantitative picture of the
energy transfer and its spectral signatures, thus leading to
deeper and more detailed understanding of how this complex
performs its function of light harvesting. We find, despite the
large energy differences between excitations localized on
each bilin in the complex and relatively small electronic
couplings between bilins, that excitations are somewhat
delocalized. This result provides a molecular-level interpre-
tation of recent two-dimensional photon echo experiments
(8). Still, it is striking that average delocalization sizes of
only 1.2–1.3 are sufficient to support quantum-coherent
energy transfer.SUPPORTING MATERIAL
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